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.&tract -A method for computing the modes of diel~tric guiding structures based on finite differences is described. The numerrcaf computation program is efficient and can be applied to a wide range of problems. We report here solutions for circular and rectangular dielectric waveguides and compare our solutions with those obtained by other methods. Limitations in the commonly used approximate formulas developed by Marcatili are discussed. channel-dropping filters [7] . The theoretical analysis of these devices has been based, in the case of rectangular guides, on the analytical solutions proposed by Marcatili [8] , which can be expressed in simple closed forms. However, Mamatili's quasi-plane-wave analysis is based on Mamrscriut received Jnlv 7, 1983; reyised December 15, 1983 . This work was s~pported by tie Office of Naval Rese&ch under Contract NOO014-79-C-O-0839.
The authors are with the California Institute of Technology, Department of Electncaf Engineering, Pasadena, CA 91125. assumptions that are not met when the permittivity of the guide is high compared to the outer medium. 
The outer medium is assumed hereto be free space (KA = 1) and will be referred to by the subscript "A". This last relation is the basis of our FD procedure. 
III. FINITE-DIFFERENCE RELATIONS
To treat the problem of a dielectric guide, we first need to define a finite cross section by enclosing the guide in a "box" with electrically conducting walls sufficiently large so that it will not perturb the modes. Because of symmetry, we need to treat only one quadrant; the longitudinal electric field E= must be either symmetric (magnetic boundary conditions) or antisymmetric (electric boundary conditions) with respect to the x-and y-axes, while the longitudinal magnetic field H, has the opposite symmetry. We then define a mesh that covers the region of interest with rectangular elements (Fig. 1 ). These elements are chosen so that the permittivity is constant inside each element and the electric and magnetic walls each divide a row of elements in two equal halves.
Consider one such element SP (Fig. 2) MTT-32, NO, 5, MAY 1984 elements. The routines employed are part of the well-known EISPACK package, [20] . The solution proceeds as follows.
a) A' is reduced to tridiagonal form by a series of Givens rotations that eliminate successively each subdiagonal while maintaining the band form (routine BANDR) [20] , [21] .
b) The eigenvalues in an interval of interest (that is, the negative eigen~alues that are closest to zero) are determined by the routine BISECT [20] , [22] . The number of eigenvalues in the given interval is computed from Sturm sequences. Next, the eigenvalues are evaluated by refining the input interval by a bisection process.
c) The eigenvectors are computed by inverse iteration (routine BANDV) [20] respect to the x-axis, while the second superscript denotes the symmetry of Hz with respect to the y-axis. The subscript n indicates the order of the given mode in its class.
The correspondence between these exact modes and the designations adopted by Marcatili for his quasi-plane-wave modes is discussed later.
VI. CALCULATED DISPERSION CURVES AND COMPARISON WITH OTHER WORR
Using the FD method described above, we wrote a computer program that builds the matrices A and B for a guiding structure with a given distribution of relative permittivity and a given mesh. 
Our results using this finite-difference method are compared below for three cases: a) the exact solution for a dielectric waveguide of circular cross section, b) the mode-matching solution of Solbach [11] .OL !' 
.," . of the low-order mode of rectangular dielectric guides. We now compare the field behavior of the low-order modes computed by both methods. In Fig. 13 , we show the longitudinal electric and magnetic fields of Marcatili's E~-mode, computed for square guide of permittivity KI = 2.1. The discrete points are the field values at the node points for the corresponding
The values are given along the grid line closest to the x-and y-axes, ii/2 away (see Fig. 1 ). In Fig. 14 However, this cannot be done uniquely, as shown by the two sets of lines in Fig, 15 . The continuous lines correspond to the dispersion characteristics we have shown, for example, in Fig. 10 (20) which is generally the case in Fig. 15 (Al) a+, ' d+, these relations are then summed to form AX= k,'j BX. For the general element ( Fig. 16(a) 
10nly half of the matrices Ap are reproduced here: Ap is a symmetric matrix.
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